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microRNAExtracellular vesicles (EVs) are nanometer-sizedmembranous vesicles and are involved in cell-to-cell communi-
cation. EVs contain several types of functional molecules, such as proteins, mRNAs, and microRNAs (miRNAs).
Over the past several years, EVs have emerged as potential tools for a drug delivery system (DDS) that can target
organs or cells. EVs have a function of organ tropism and are naturally occurring from cells. Therefore, EVs have
expected as naturally DDSs, which have the organ tropism and a low side effect. Actually, some reports showed
that EVs delivered drugs to speciﬁc organ. However, despite observed the organ tropism, the mechanisms of
organ tropism of EVs are still unclear. Moreover, preservation and efﬁcient collection of EVs are desired to be in-
vestigated. Here, we provide an overview of the methods for using EVs as DDSs.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Effective therapeutic agents have been widely developed, if would
be delivered the effective therapeutic agents to the target organ.ery Reviews theme issue on
ing, Cancer Diagnosis/Therapy,
d Cellular Medicine, National
-ku, Tokyo 104-0045, Japan.
. This is an open access article underHowever, it is a problem that non-targeted drugs are inefﬁcient and
have side effects when they are delivered systemically. The purpose of
a drug delivery system (DDS) is to deliver a drug efﬁciently, improve
the effect of the drug, and reduce its side effects [1]. The conventional
DDSs, such as PEG [2–4] and liposome [5], are useful in drug delivery.
However, despite the untiring efforts of researchers, the delivery to
speciﬁc organ and the side effect of DDS remain unsolved problems.
DDSs are desirable for use in cancer therapy, and extracellular vesi-
cles (EVs) have a potential to serve as natural DDSs for cells [6–9]. EVs
are formed via the endosomal system, thus resulting in multivesicular
bodies (MVBs) [10,11]. EVs aremembranous vesicles of endocytic originthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Another population of EVs, shedding vesicles, exosomes, tolerosomes,
and prostasomes, are formed directly through the shedding of the
cellular membrane. However, there is still confusion regarding the ter-
minology used to describe these secreted vesicles because it is difﬁcult
to distinguish the different types of vesicles after their secretion. To
avoid confusion in the present article, we use the term “extracellular
vesicles (EVs)” as a hypernym for all types of vesicles that are present
in the extracellular space [12]. Importantly, it has been observed that
EVs have a tropism to some organs or cells. Over the past several
years, EVs have emerged as potential tools for DDSs to target organs
or cells, and promising results have been achieved by using EV-based
DDSs. Because of their biological signiﬁcance, EVs have advantages
for use as DDSs. Furthermore, EV-based DDSs are expected as a low-
side-effect DDS, because EVs are naturally occurring from cells. There-
fore, EV-mediated tumor-selective drug delivery or EV-mediated
organ-selective drug delivery makes EVs an attractive DDS candidate.
On the other hand, it is not matured that the methods of encapsulation
of drugs, addition of organ tropism, preservation, and efﬁcient collection
of EVs.
In this review, we summarize the techniques for using EVs as DDSs.
We also discuss the hurdles to be overcome to further develop EV-DDSs.
2. Techniques
2.1. Encapsulation of drugs to EVs
Drugs should be attached to or encapsulated in EVs for the vesicles to
be used as DDSs. In previous studies, microRNA (miRNA) or existing
drugs have been transfected or attached directly to EVs, fusion protein
vector has been transfected to donor cells, and methods for encapsulat-
ing existing drugs in EVs using a discharge mechanism have been
attempted (Table 1).
Humanmonocytic leukemia THP-1 cells have beenused asdonor cells
[13]. EVs were collected from THP-1 cells, which transfected chemically
modiﬁed microRNA (miR)-143 with an aromatic 3′-benzene-pyridine
analog added to the 3′-overhang region of the RNA strand. The miR-143
levels were signiﬁcantly increased in the serum, tumor, and kidneys of
host animals that were injected with EVs. It has also been reported that
miR-130b could beoverexpressed in EVs fromHeLa-229 cells by transfec-
tion of the vector [14]. In another study, argonaute 2 (Ago2) and heatTable 1
The methods of encapsulation of drugs.
Drugs Donor Cell of EVs
miRNAs miR-143 (chemical modiﬁed) THP-1 (human monocytic leukemia c
miR-130b HeLa-229
siRNA BACE1 siRNA Primary dendritic cells harvested fro
murine bone marrow
Drugs Vesicular stromatitis virus G
protein (VSV-G)
HEK293T
Paclitaxel, doxorubicin U-87 MG (human brain neuronal
glioblastoma–astrocytoma)
bEND.3 (brain endothelial cell)
Doxorubicin U937 (human monocytic cell)
Raw264.7 (mouse macrophage)
JSI-124 (an activator of
transcription 3 inhibitor)
EL-4 (mouse lymphoma cell)
Curcumin Mouse brain endothelial cell
Catalase Raw264.7
Doxorubicin Mouse immature dendritic cells
Cisplatin Me30966 (human metastatic melano
Paclitaxel SR4987 (established from BDF/1 mic
from bone marrow cells)shock protein 90a (HSP90a) were enriched in miR-130b-packaging EVs.
These proteins protect against degradation. Furthermore, Lattanzi et al.
reported that a mutant of the HIV-1 Nef protein, Nefmut, was efﬁciently
incorporated with foreign proteins in EVs when fused with the proteins
at its C-terminus [15]. Nefmut-fused foreign protein expression vector
was transfected to 293T cells. Furthermore, the authors showed that
vesicular stomatitis virus G protein (VSV-G) fusion Nefmut EVs have
potential as an EV-based vaccine.
Some groups have demonstrated that paclitaxel or doxorubicin
binds with EVs when they are incubated at 37 °C [16,17]. Human
U937 monocytic cells and mouse Raw264.7 macrophages have been
used as donor cells of EVs [17]. In that study, collected EVswere incubat-
edwith 400 μg/mL doxorubicin for 2 hrs at 37 °C andwere then injected
intravenously into mice. This report showed that doxorubicin was in-
corporated into the EVs and that these EVs accumulated in mouse
colon adenocarcinoma CT26 cells in vivo. However, the EVs also accu-
mulated in the liver. In other reports, curcumin or an activator of tran-
scription 3 (Stat3) inhibitor, JSI124, was mixed with mouse lymphoma
cell-line EL-4-derived EVs at 22 °C and bound to the EVs [18,19]. EVs
have also been collected from a mouse brain endothelial cell line by
curcumin treatment (7.5 μM) for 72 hrs [20]. One study investigated
four different methods for incorporating catalase into EVs from a Raw
264.7 macrophage cell line [21]. Method I involved incubation at room
temperature (RT) for 18 hrs with or without saponin; Method II in-
volved freeze–thaw cycles that were repeated three times at−80 °C
and at room temperature; Method III was sonication (500 v, 2 kHz,
20% power, 6 cycles by 4 s pulse/2 s pause); and Method IV was extru-
sion, in which a catalase mixture with EVs was extruded (10 times)
through an avanti lipids extruderwith a 200-nm-diameter pore. The au-
thors reported that sonication was the result of the high loading efﬁ-
ciency and high stability of catalase. Electroporation has been used to
load doxorubicin [22] and small interfering RNA (siRNA) [23] into EVs.
Interestingly, it has been reported that melanoma cells treated with
the anticancer drug cisplatin eliminated the cisplatin through EVs [24].
Secreted EVs were found to contain cisplatin, and the cisplatin concen-
tration was higher in an acidic environment because EV secretion
from cells increased the pH levels. Additionally, Pascucci et al. suggested
that mesenchymal stromal cells (MSCs) could be used as drug packag-
ing cells for EVs [25]. SR4987 established from bone marrow cells of
BDF/1 mice was cultured for 24 hrs in a culture medium containing
2000 ng/mL of paclitaxel. After 48 hrs, the conditioned medium wasMethods References
ell) Transfection of expression vector [13]
Transfection of expression vector [14]
m Electroporation (encapsulated) [23]
Transfection of HIV-1 Nef protein-fused foreign
protein expression vector
[15]
Cells were incubatied at 37 °C, 2 hrs with drugs.
(incorporate in EVs)
[16]
Cells were incubatied at 37 °C, 2hrs with drugs.
(incorporate in EVs)
[17]
Cells were incubated at 22°C with drugs.
(bind to EVs)
[18,19]
Cells were treatment with drug for 72 hrs. [20]
(1) Incubation at room temperature for 18 hrs
with or without saponin






ma) Cells were treatment with drug in acidic pH condition. [24]
e Cells were treatment with drug for 24 hrs. [25]
Table 2
Organ tropism by EVs component.
Component on EVs Tropism References
iRGD peptide (CRGDKGPDC)
* Transfection of Lamp2b-fused
foreign protein expression vector
Tumor (αV-integrin) [22]
Rabies viral glycoprotein (RVG) Brain [23,26]
Folate receptor-α Brain (astrocytes, neurons) [27]
M2 macrophage (differentiated




Tspan8 Rat aorta endothelial cells





Tspan8-β4 Rat lung ﬁbroblasts







Tspan8 containing the N-terminal
region of CD9
Rat aorta endothelial cells
Rat lymph node stroma cells
CD44+ leukocytes
[29,30]




Rat lymph node stroma cells
[29,30]
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tion of paclitaxel in EVs was 11.68 ng/mg per EV protein. Importantly,
when human pancreatic adenocarcinoma CFPAC-1 cells were treated
with EVs containing paclitaxel, EVs that contained paclitaxel showed
antitumor activity.
2.2. The organ tropism of EVs
Tumor tropism is important for the use of EVs as tumor therapies
(Table 2). In this section, the techniques of organ tropism of EVs are
summarized.
One study reported that an integrin-speciﬁc iRGD peptide
(CRGDKGPDC) is able to bind to αV-integrin [22]. In that experiment,
the authors used an MDA-MB-231 tumor treatment. The iRGD peptide
that fused with a membrane protein (Lamp2b) in EVs had the potential
to deliver treatment speciﬁcally to a tumor in vitro and in vivo. Several
reports have given EVs tropism to the brain through the transfection
of surface proteins to donor cells. Alvarez-Erviti et al. established a
delivery system to mouse brains [23,26]. Self-derived dendritic cells
(DCs) were used as EV donors because of their effects on reducing
immunogenicity, one of the reasons that EVs are a candidate for a low
side effect DDS. DCswere transfectedwith expression vector containing
a Lamp2b gene and a neuron-speciﬁc rabies viral glycoprotein (RVG)
peptide gene, and secreted EVs were corrected from the supernatant.
To use the siRNA delivery system, BACE1 siRNA was included using an
electroporation method. BACE1 is important for Alzheimer's disease
pathogenesis. These Lamp2b-RVG-expressed and BACE1-siRNA-
containing EVs were injected intravenously. Importantly, these EVs
downregulated BACE1 protein in cortical tissue in vivo. A pre-
experiment using GAPDH siRNA signiﬁcantly downregulated GAPDH
protein in the striatum, midbrain, and cortex. Furthermore, folate
receptor-α (FRα) was reported to be one of the molecules responsible
for brain parenchyma tropism [27]. Rat choroid plexus Z310 cells
were transfected with FRα expression vector. Then, FRα was enriched
in the EV fraction. When intraventricularly injected into mice, FRα-
positive EVsmight initially be taken upby astrocytes and then delivered
to neurons. The authors argue that this function might be a transport
medium for micronutrients. A glial cell-line derived neurotropic factor
(GDNF)-overexpressing Raw 264.7 macrophage was used in the
treatment of Parkinson's disease in a 6-hydroxydopamine-inducedParkinson's disease model [28]. EVs from a GDNF-overexpressing Raw
264.7 macrophage contain a high amount of GDNF, which can promote
the regeneration of neurodegenerative disorder neurons and protect
these cells from toxic injuries. Raw 264.7 macrophages were differenti-
ated to an M2 regenerative subtype. Importantly, systemically injected
GDNF-overexpressing M2 macrophages were homed to and mediated
neuroprotection in brain tissues. The authors suggested that drug-
secreting organ homing cells are useful for drug delivery and can be
used as carriers for delivery of anticancer drugs to the brain.
Other studies have attempted to instill organ tropism. Rana et al. re-
ported that tetraspanin EVs contribute to target cell selection [29,30].
The rat pancreatic adenocarcinoma line BSp73AS (AS) was used as a
donor cell and was transfected with Tspan8, Tspan8-β4, or AS-Tspan8/
CD9n (Tspan8 containing the N-terminal region of CD9) expression
vector. These tetraspanin-overexpressing cells were cultured and EVs
were collected from the supernatant. The EV uptake differed depending
on the EV-recipient cell. EVs containing Tspan8 and Tspan8/CD9n
preferentially bound to rat aorta endothelial cells and rat lymph node
stroma cells (LnStr); unmodiﬁed EVs and EVs containing Tspan8-β4
bound preferentially to rat lung ﬁbroblasts (Fb) and LnStr. EVs contain-
ing Tspan8 bound preferentially to bone marrow cells and lymph node
cells. EVs containing Tspan8-β4 bound to lymph node cells. As an
example of the dependency of the recipient cell, EVs Tspan8/CD9n
were preferentially taken up by CD44+ leukocytes, whereas EVs
containing Tspan8 and Tspan8-β4 were mostly incorporated into
CD54+ cells. Of note, EVs containing Tspan8-β4 bound efﬁciently to
peritoneal exudate cells, kidneys, and the pancreas in vivo [29].
Direct injection is an effective method of EVs delivery, not systemi-
cally injection. EVs containing prostate-speciﬁc antigen (PSA) and pros-
tatic acid phosphatase (PAP), which are tumor-associated antigens,
were used in prostate cancer treatment by subcutaneous injection
[31]. EVs containing tumor-associated antigen were increased the PSA
and PAP IgG2a/IgG1 ratio, which is Th1-biased immune response,
suggesting that this therapy induced against the tumor antigen in
each model. Another group reported that EVs binding curcumin
inhibited LPS-induced brain inﬂammation. Intranasally injected EVs
were taken up in the brains of mice through microglial cells [18]. In
this study, EVs from EL-4 were taken up by both microglial cells
(approximately 60%) and non-microglial cells (approximately 40%).
Furthermore, Stat3 inhibitor JSI-124-binding EVs inhibited glioblastoma
GL26 growth [18].
2.3. Techniques used for collection, measurement of concentration, and
preservation of EVs
Because EVs are heterogeneous, a speciﬁc population of EVsmust be
collected to be used appropriately. Moreover, the methods of efﬁcient
collection of EVs are desired. Previous reports have mainly used the
ultracentrifugation method [22,26,32–35] and FACS methods [36,37]
for collecting EVs. However, bulk EVs were collected using these
methods. Nordin et al. compared EVs that were collected using ultraﬁl-
tration with those collected using ultracentrifugation [38]. Importantly,
it was reported that the in vivo biodistribution of EVs was different
between the methods. These observations suggested that bulk EVs are
heterogeneous populations and that there is a need to collect a speciﬁc
population of interest.
EV concentration is also an important factor in DDS use. The existing
drug concentration or miRNA can be measured with a ﬂuorescence
spectrophotometer or through real-time PCR. In another study, Rupert
et al. used label-free, surface-based sensing with surface plasmon
resonance (SPR) to determine the concentration of EVs in solution
[39]. Accurate and standardized quantiﬁcation of such EVs was also
required. Maas et al. compared different methods for determining EV
concentration, including nanoparticle tracking analysis (NTA), tunable
resistive pulse sensing (tRPS), and high-resolution ﬂow cytometry
(hFC) [40]. The measurable concentration range of NTA was 9.0 × 107
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between the particle size and concentration (203 nm beads were
analyzed at 9.1 × 107 particles/mL to 2.9 × 109 particles/mL, whereas
115 nm particles were analyzed at 3.6 × 108 particles/mL to 2.3 × 1010
particles/mL). However, hFC allows for accurate quantiﬁcation at
lower particle concentrations (4.6 × 106 particles/mL to 7.3 × 107
particles/mL). The concentration of EVs can be accurately measured
using each of the different methods, although the authors suggested
that (1) particles with low ﬂuorescence intensity may not be detected
and (2) the removal of unbound ﬂuorescent dye is important when
using the hFC technique.
A previous report studied appropriate methods of EV preservation,
comparing urinary EVs collected and preserved at 4°C, −20°C, and
−80°C [41]. An appropriate method for preserving EVs for a DDS has
not been established.
3. Cancer therapy
3.1. Primary tumor therapy
iRGD-Exos-doxorubicin suppressed breast tumor growth in an
MDA-MB-231 tumor-bearing nude mouse model [22]. EVs were
injected into mice intravenously and accumulated in tumor tissue.
This result suggested that EVs containing doxorubicin inhibited tumor
growth.
Interestingly, Yang et al. performed drug delivery to the brain using a
zebraﬁsh brain tumor model [16]. They reported that endothelial brain
cell line bEND.3-derived EVs could accumulate in the brain and brain
tumor tissue across the blood–brain barrier (BBB). In another study,
curcumin-primed EVs from a mouse brain endothelial cell line were
used to treat endothelial cell dysfunction during hyperhomocysteine-
mia in vitro [20]. Curcumin-primed EVs have the potential to alleviate
endothelial dysfunction. Another study reported that miR-9 in mesen-
chymal stem cell–derived EVs became chemosensitive in glioblastoma
multiforme cells [42].
3.2. Immunotherapy
Raposo et al. ﬁrst reported that B lymphocyte–derived EVs induced
antigen-speciﬁc MHC class II–restricted T-cell responses [43]. Since
then, it has been reported that tumor-peptide pulsed DC–derived EVs
have potential with respect to cancer immunotherapy because they
suppress tumor growth [44]. Wolfers et al. reported that tumor-
derived EVs containing a tumor antigen may have activated a tumor
immune response [45]. Tumor-derived EVs were taken up with DCs
and activated DCs induced CD8+T-cell-dependent antitumor effects.
Another study reported that Gp120 stimulates Gp120-speciﬁc CTL
responses and then long-term cancer immunity against Gp120-
expressing B16 melanoma in vivo [46]. It has also been reported that
EVs from the rat pancreatic adenocarcinoma cell line BSp73ASML
(ASML) have potential use as an adjuvant therapy in immunotherapy
[47]. EVs from ovalbumin (OVA)-pulsed DCs induced efﬁcient CD4+
Th cell-independent CD8+ CTL responses in vivo [46,48,49]. Further-
more, it has been suggested that vaccination with a tumor antigen con-
taining EVs activated an antitumor response against OVA-transfected
BL6-10 melanoma cells. An EV vaccine derived from colorectal cancer
has also been reported. In that study, EVs from NB4 cells, a human
acute promyelocytic leukemia cell line, activated CTLs through DC
activation [50].
3.3. Clinical trials
Clinical trials using EVs have been reported, with several types of
clinical trials undertaken to investigate cancer therapy [51]. EVs from
plants containing curcumin are used in colorectal cancer therapy. How-
ever, these EVs were found to deliver curcumin to both healthy andmalignant colon tissues. EVs from grapes are used to prevent oralmuco-
sitis associated with chemoradiation in cases of head and neck cancer.
Furthermore, it has been reported that EVs from DCs have been used
to deliver a vaccine as part of immunotherapy in cases of unresectable
non-small-cell lung cancer [52]. In another study, EVs from autologous
DCs were used in the vaccination of metastatic melanoma patients
[53]. It has also been reported that EVs from ascites were used for im-
munotherapy in colorectal cancer in combination with granulocyte–
macrophage colony-stimulating factor (GM-CSF) [54]. However,
Gundogan et al. suggested that clinical translation is limited by the
lack of appropriate, scalable, and both cost- and time-effective nano-
technologies for the puriﬁcation and loading of EVs [51,55].
On the other hand, a side effect is one of the important problem as
DDS. However, it has never discussed about side effects. Dommelen
et al. proposed that proteomic analysis of EVs is important, because it
prevents from potential unwanted side effects, such as “spread of onco-
genes, prions, inﬂammatory cytokines or viral particles” [55].4. The biodistribution of EVs
Many researchers had observed the tropism of EVs in vivo. On the
other hand, although EVs have unique proteins, researchers have not
elucidated the mechanisms of clearance and biodistribution of unmod-
iﬁed tumor-derived EVs. Several groups have demonstrated that
primarily unmodiﬁed tumor-derived EVs were incorporated into the
liver [17,32,33,56].
One report on EV labeling observed the biodistribution of EVs con-
taining gaussia luciferase (gLuc)-lactadherin, [33]. A gLuc-lactadherin
fusion protein expression vectorwas transfected to the B16–BL6murine
melanoma cell line. Importantly, the results indicated that lactadherin
has a tendency to concentrate in EVs; its level was approximately
10,000 times higher compared with the vector that did not contain
lactadherin protein. In that study, EVs containing gLuc-lactadherin
were injected intravenously (i.v.) and distributed mainly to the liver
and then the lungs. In contrast, EVs from human embryonic kidney
(HEK) 293T cellswere observed to have the highest signal in the spleen;
in that case, EV signal was also high in the liver, lungs, and kidneys [57].
HEK293T cells were transfected with a gaussia luciferase gene, and EVs
were then collected from the supernatant using ultracentrifugation.
These EVs were injected into mice, and their biodistribution was
observed. Importantly, lower signals were observed in the brain,
heart, andmuscle. Another report has shown that the EV biodistribution
was different when using two different collection methods [38]. EVs
collected by ultracentrifugation accumulated mainly in the liver, but
the accumulation of EVs was also observed in the lungs, spleen, and
kidneys. Conversely, EVs collected by ultraﬁltration with subsequent
liquid chromatography accumulated in the lungs to a slightly lesser
extent than did the EVs collected by ultracentrifugation. EVs collected
by ultraﬁltration with subsequent liquid chromatography also accumu-
latedmainly in the liver. The biodistribution of EVs from several types of
cells has also been observed [58]. HEK293T-derived EVs were injected
into mice intravenously. EVs accumulated mainly in the liver, spleen,
gastrointestinal tract, and lungs. It was observed that EVswere accumu-
lated dose-dependently in each organ. The biodistribution of EVs from a
muscle cell line; C2C12, a melanoma cell line; B16F10; and primary
immature bone marrow–derived DCs were also observed in mice. The
biodistribution of EVs from these cells were mostly consistent with
the biodistribution of HEK293T-derived EVs. However, it has been
reported that HEK293T-derived EVs were accumulated in tumor tissue
and that the EV accumulation was 3% of the total tissue ﬂuorescence
in vivo. Furthermore, it was observed that EVs from mesenchymal
stem cells accumulated in the kidneys of mice with acute kidney injury
[59]. However, the accumulation of EVswasmainly observed in the liver
and spleen. EVs containing RVG from DCs accumulated in the brain,
heart, and muscle, compared with EVs that did not contain RVG. Those
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nicotinic acetylcholine receptor.
Intriguingly, it has also been observed that EVs have a tropism to
bone marrow [49,50], the lungs [33,57,60–62], brain [57,62–64],
lymph nodes [64,65], and tumors [17]. Intratumoral injection of EVs
allowed for more efﬁcient uptake by tumor cells compared with
liposomes [56]. However, no report has clearly determined the mecha-
nism responsible for organ tropism in EVs. Importantly, Zomer et al.
reported that tumor cell-derived EVs were directly taken up by tumor
cells using the Cre-LoxP system in vivo [66]. Cre recombinase (Cre)-
expressing MDA-MB-231 breast cancer cells secrete Cre-containing
EVs. When Cre-containing EVs incorporated by reporter cells and Cre
in EVs had enzyme activity, reporter cells changed reporter gene ex-
pression from DsRed to eGFP. Surprisingly, reporter cancer cells incor-
porated Cre-containing EVs both by direct injection and co-transplant
with Cre-expression cancer cells in vivo. Furthermore, Cre-containing
EVs were incorporated by reporter cancer cells from orthotropic
transplanted Cre-expressing cancer cells to opposite site transplanted
reporter cancer cells in vivo. This methods can be used to elucidate the
transport and organ tropism mechanisms of EVs in vivo.
As described in Section 2.2, the tropism of EVs is provided by
modiﬁcation of EVs-surface proteins. In this section, we discussed the
biodistribution of EVs, which is observed many researchers. These
tropism mechanisms of EVs have not been uncovered; however, it is
possible that the mechanisms of EVs tropism can apply to DDSs.
5. Future perspectives
Through the untiring efforts of researchers, EVs are being explored
as potent therapeutics because of their efﬁcient transfer of proteins,
mRNA, miRNA, and existing drugs in selective targets. To apply EVs as
a DDS, it is important to (1) attach or encapsulate a “drug” to EVs,
(2) preserve the EVs, and (3) establish organ tropism. Some methods
for encapsulating drugs to EVs have been developed; oligonucleotide-
based drugs are especially useful when they are transfected to EVs
because oligonucleotides, such as miRNA, are a major component of
EVs. EVs seem to be enclosed oligonucleotide-based drugs by using
transfection methods to donor cells. In contrast, no suitable methods
of preserving EVs as a DDS have been reported. Furthermore, no study
has clearly targeted intact EVs to cancer cells or target organs. As
mentioned previously, with respect to EV biodistribution, most EVs
accumulate in the liver in vivo. Although some reports have shown
that EVs accumulate in the bone marrow, lungs, brain, lymph nodes,
and tumor tissue, these reports have not provided sufﬁcient evidence
supporting speciﬁc organ tropism. Therefore, previous reports have
generally used bulk EVs, and not those puriﬁed with EV markers. It
has been reported that EVs containing RVG have a tropism to the
brain. This result suggests that the modiﬁcation of EV membrane
proteins provides organ tropism. For these reasons, it is important to
ﬁnd the proteins that are responsible for natural organ tropism in EVs.
Moreover, despite the general understanding that EVs derived from
cells have this organ tropism, there is no quantitative or qualitative
analysis on the classiﬁcation of EVs. Further studies are needed for the
proper application of EVs as a DDS, with a particular focus on the
mechanisms responsible for organ tropism in EVs.
Acknowledgment
Thisworkwas supported in part by a Grant-in-Aid for the third term
of a comprehensive 10-year strategy for cancer control; a Grant-in-Aid
for scientiﬁc research on priority areas in cancer from the Ministry of
Education, Culture, Sports, Science and Technology; a Grant-in-Aid for
the Japan Society for the Promotion of Science (JSPS) fellows; a Grant-
in-Aid for the Japan Science and Technology Agency (JST) through the
Center of Open Innovation Network for Smart Health (COINS) initiated
by the Council for Science and Technology Policy; a Grant-in-Aid forthe Japan Agency for Medical Research and Development (A-MED); a
Grant-in-Aid for Basic Science and Platform Technology Program for
Innovative Biological Medicine; a Grant-in-Aid for a research program
of the Project for Development of Innovative Research on Cancer Ther-
apeutics (P-Direct); and a Grant-in-Aid for Scientiﬁc Research on Inno-
vative Areas (functional machinery for non-coding RNAs) from the
JapaneseMinistry of Education, Culture, Sports, Science and Technology.References
[1] L. Brannon-Peppas, J.O. Blanchette, Nanoparticle and targeted systems for cancer
therapy, Adv. Drug Deliv. Rev. 64 (2012) 206–212.
[2] F.M. Veronese, G. Pasut, PEGylation, successful approach to drug delivery REVIEWS,
Drug Discov. Today 10 (2005) 1451–1458.
[3] O.C. Farokhzad, R. Langer, Impact of nanotechnology on drug delivery, ACS Nano 3
(2009) 16–20.
[4] K. Cho, X. Wang, S. Nie, Z. Chen, D.M. Shin, Therapeutic nanoparticles for drug
delivery in cancer, Clin. Cancer Res. 14 (2008) 1310–1316.
[5] W.T. Al-Jamal, K. Kostarelos, Liposomes: from a clinically established drug delivery
system to a nanoparticle platform for theranostic nanomedicine, Acc. Chem. Res.
44 (2011) 1094–1104.
[6] E. Pap, É. Pállinger, M. Pásztói, A. Falus, Highlights of a new type of intercellular com-
munication: microvesicle-based information transfer, Inﬂamm. Res. 58 (2009) 1–8.
[7] S. AA Kooijmans, P. Vader, S.M. van Dommelen, W.W. van Solinge, R.M. Schiffelers,
Exosome mimetics: a novel class of drug delivery systems, Int. J. Nanomedicine 7
(2012) 1525–1541.
[8] S. EL Andaloussi, I. Mäger, X.O. Breakeﬁeld, M.J.Wood, Extracellular vesicles: biology
and emerging therapeutic opportunities. Nat. Rev. Drug Discov. 12 (2013) 347–357.
[9] N. Tominaga, T. Katsuda, T. Ochiya, Micromanaging of tumor metastasis by extracel-
lular vesicles, Semin. Cell Dev. Biol. 40 (2015) 52–59.
[10] G. Raposo, W. Stoorvogel, Extracellular vesicles: exosomes, microvesicles, and
friends, J. Cell Biol. 200 (2013) 373–383.
[11] J.C. Akers, D. Gonda, R. Kim, B.S. Carter, C.C. Chen, Biogenesis of extracellular vesicles
(EV): exosomes, microvesicles, retrovirus-like vesicles, and apoptotic bodies, J.
Neurooncol. 113 (2013) 1–11.
[12] S.J. Gould, G. Raposo, As we wait: coping with an imperfect nomenclature for extra-
cellular vesicles, J. Extracell. Vesicles 2 (2013) 3–5.
[13] Y. Akao, A. Iio, T. Itoh, S. Noguchi, Y. Itoh, Y. Ohtsuki, T. Naoe, Microvesicle-mediated
RNAmolecule delivery system using monocytes/macrophages, Mol. Ther. 19 (2011)
395–399.
[14] S. Pan, X. Yang, Y. Jia, R. Li, R. Zhao, Microvesicle-shuttled miR-130b reduces fat
deposition in recipient primary cultured porcine adipocytes by inhibiting PPAR-??
expression, J. Cell. Physiol. 229 (2014) 631–639, http://dx.doi.org/10.1002/jcp.
24486.
[15] L. Lattanzi, M. Federico, A strategy of antigen incorporation into exosomes: compar-
ing cross-presentation levels of antigens delivered by engineered exosomes and by
lentiviral virus-like particles, Vaccine 30 (2012) 7229–7237.
[16] T. Yang, P. Martin, B. Fogarty, A. Brown, K. Schurman, R. Phipps, V.P. Yin, P. Lockman,
S. Bai, Exosome delivered anticancer drugs across the blood-brain barrier for brain
cancer therapy in Danio Rerio, Pharm. Res. 32 (2015) 2003–2014.
[17] S.C. Jang, O.Y. Kim, C.M. Yoon, D.S. Choi, T.Y. Roh, J. Park, J. Nilsson, J. Lötvall, Y.K. Kim,
Y.S. Gho, Bioinspired exosome-mimetic nanovesicles for targeted delivery of
chemotherapeutics to malignant tumors, ACS Nano 7 (2013) 7698–7710.
[18] X. Zhuang, X. Xiang, W. Grizzle, D. Sun, S. Zhang, R.C. Axtell, S. Ju, J. Mu, L. Zhang, L.
Steinman, D. Miller, H.G. Zhang, Treatment of brain inﬂammatory diseases by
delivering exosome encapsulated anti-inﬂammatory drugs from the nasal region
to the brain, Mol. Ther. 19 (2011) 1769–1779.
[19] D. Sun, X. Zhuang, X. Xiang, Y. Liu, S. Zhang, C. Liu, S. Barnes, W. Grizzle, D. Miller,
H.G. Zhang, A novel nanoparticle drug delivery system: the anti-inﬂammatory activ-
ity of curcumin is enhanced when encapsulated in exosomes, Mol. Ther. 18 (2010)
1606–1614.
[20] A. Kalani, P.K. Kamat, P. Chaturvedi, S.C. Tyagi, N. Tyagi, Curcumin-primed exosomes
mitigate endothelial cell dysfunction during hyperhomocysteinemia, Life Sci. 107
(2014) 1–7.
[21] M.J. Haney, N.L. Klyachko, Y. Zhao, R. Gupta, E.G. Plotnikova, Z. He, T. Patel, A.
Piroyan, M. Sokolsky, A.V. Kabanov, E.V. Batrakova, Exosomes as drug delivery
vehicles for Parkinson’s disease therapy, J. Control. Release 207 (2015) 18–30.
[22] Y. Tian, S. Li, J. Song, T. Ji, M. Zhu, G.J. Anderson, J. Wei, G. Nie, A doxorubicin delivery
platform using engineered natural membrane vesicle exosomes for targeted tumor
therapy, Biomaterials 35 (2014) 2383–2390.
[23] L. Alvarez-Erviti, Y. Seow, H. Yin, C. Betts, S. Lakhal, M.J. Wood, Delivery of siRNA to
the mouse brain by systemic injection of targeted exosomes. Nat. Biotechnol. 29
(2011) 341–345.
[24] C. Federici, F. Petrucci, S. Caimi, A. Cesolini, M. Logozzi, M. Borghi, S. D'Ilio, L. Lugini,
N. Violante, T. Azzarito, C. Majorani, D. Brambilla, S. Fais, Exosome release and low
pH belong to a framework of resistance of human melanoma cells to cisplatin,
PLoS One 9 (2014), e88193.
[25] L. Pascucci, V. Coccè, A. Bonomi, D. Ami, P. Ceccarelli, E. Ciusani, L. Viganò, A.
Locatelli, F. Sisto, S.M. Doglia, E. Parati, M.E. Bernardo, M. Muraca, G. Alessandri, G.
Bondiolotti, A. Pessina, Paclitaxel is incorporated by mesenchymal stromal cells
and released in exosomes that inhibit in vitro tumor growth: a new approach for
drug delivery, J. Control. Release 192 (2014) 262–270.
55N. Tominaga et al. / Advanced Drug Delivery Reviews 95 (2015) 50–55[26] S. El-Andaloussi, Y. Lee, S. Lakhal-Littleton, J. Li, Y. Seow, C. Gardiner, L. Alvarez-
Erviti, I.L. Sargent, M.L.A. Wood, Exosome-mediated delivery of siRNA in vitro and
in vivo, Nat. Protoc. 7 (2012) 2112–2126.
[27] M. Grapp, A. Wrede, M. Schweizer, S. Hüwel, H.J. Galla, N. Snaidero, M. Simons, J.
Bückers, P.S. Low, H. Urlaub, J. Gärtner, R. Steinfeld, Choroid plexus transcytosis
and exosome shuttling deliver folate into brain parenchyma, Nat. Commun. 4
(2013) 2123.
[28] Y. Zhao, M.J. Haney, R. Gupta, J.P. Bohnsack, Z. He, A.V. Kabanov, E.V. Batrakova,
GDNF-transfected macrophages produce potent neuroprotective effects in
Parkinson's disease mouse model, PLoS One 9 (2014), e106867.
[29] S. Rana, S. Yue, D. Stadel, M. Zöller, Toward tailored exosomes: the exosomal
tetraspanin web contributes to target cell selection, Int. J. Biochem. Cell Biol. 44
(2012) 1574–1584.
[30] S. Rana, C. Claas, C.C. Kretz, I. Nazarenko, M. Zöller, Activation-induced internaliza-
tion differs for the tetraspanins CD9 and Tspan8: impact on tumor cell motility,
Int. J. Biochem. Cell Biol. 43 (2011) 106–119.
[31] R.B. Rountree, S.J. Mandl, J.M. Nachtwey, K. Dalpozzo, L. Do, J.R. Lombardo, P.L.
Schoonmaker, K. Brinkmann, U. Dirmeier, R. Laus, A. Delcayre, Exosome targeting
of tumor antigens expressed by cancer vaccines can improve antigen immunogenic-
ity and therapeutic efﬁcacy, Cancer Res. 71 (2011) 5235–5244.
[32] S. Ohno, M. Takanashi, K. Sudo, S. Ueda, A. Ishikawa, N. Matsuyama, K. Fujita, T.
Mizutani, T. Ohgi, T. Ochiya, N. Gotoh, M. Kuroda, Systemically injected exosomes
targeted to EGFR deliver antitumor microRNA to breast cancer cells, Mol. Ther. 21
(2012) 185–191.
[33] Y. Takahashi, M. Nishikawa, H. Shinotsuka, Y. Matsui, S. Ohara, T. Imai, Y. Takakura,
Visualization and in vivo tracking of the exosomes of murine melanoma B16-BL6
cells in mice after intravenous injection, J. Biotechnol. 165 (2013) 77–84.
[34] N. Kosaka, H. Iguchi, K. Hagiwara, Y. Yoshioka, F. Takeshita, T. Ochiya, Neutral
sphingomyelinase 2 (nSMase2)-dependent exosomal transfer of angiogenic
micrornas regulate cancer cell metastasis, J. Biol. Chem. 288 (2013) 10849–10859.
[35] P.A. Irina Nazarenko, A.-K. Rupp, Exosomes as a potential tool for a speciﬁc delivery
of functional molecules, Methods Mol. Biol. 1049 (2013) 495–511.
[36] J.M. Aliotta, M. Pereira, K.W. Johnson, N. De Paz, M.S. Dooner, N. Puente, C. Ayala, K.
Brilliant, D. Berz, D. Lee, P.N. Mcmillan, D.C. Hixson, D. Josic, P.J. Quesenberry,
Microvesicle entry into marrow cells mediates tissue-speciﬁc changes in mRNA by
direct delivery of mRNA and induction of transcription, Cell 38 (2011) 233–245.
[37] K. Koga, K. Matsumoto, T. Akiyoshi, M. Kubo, N. Yamanaka, A. Tasaki, H. Nakashima,
M. Nakamura, S. Kuroki, M. Tanaka, M. Katano, Puriﬁcation, characterization and
biological signiﬁcance of tumor-derived exosomes, Anticancer Res. 25 (2005)
3703–3707.
[38] J.Z. Nordin, Y. Lee, P. Vader, I. Mäger, H.J. Johansson, W. Heusermann, O.P.B.
Wiklander, M. Hällbrink, Y. Seow, J.J. Bultema, J. Gilthorpe, T. Davies, P.J. Fairchild,
S. Gabrielsson, N.C. Meisner-Kober, J. Lehtiö, C.I.E. Smith, M.J.A. Wood, S.E.L.
Andaloussi, Ultraﬁltration with size-exclusion liquid chromatography for high
yield isolation of extracellular vesicles preserving intact biophysical and functional
properties, Nanomed. Nanotechnol. Biol. Med. 11 (2015) 879–883.
[39] D.L.M. Rupert, C. Lässer, M. Eldh, S. Block, V.P. Zhdanov, J. Lotvall, M. Bally, F. Höök,
Determination of exosome concentration in solution using surface plasmon
resonance spectroscopy, Anal. Chem. 86 (2014) 5929–5936.
[40] S.L.N. Maas, J. de Vrij, E.J. van der Vlist, B. Geragousian, L. van Bloois, E.
Mastrobattista, R.M. Schiffelers, M.H.M. Wauben, M.L.D. Broekman, E.N.M. Nolte-'t
Hoen, Possibilities and limitations of current technologies for quantiﬁcation of
biological extracellular vesicles and synthetic mimics, J. Control. Release 200
(2015) 87–96.
[41] H. Zhou, P.S.T. Yuen, T. Pisitkun, P.A. Gonzales, H. Yasuda, J.W. Dear, P. Gross, M.A.
Knepper, R.A. Star, Collection, storage, preservation, and normalization of human
urinary exosomes for biomarker discovery, Kidney Int. 69 (2006) 1471–1476.
[42] J.L. Munoz, S.A. Bliss, S.J. Greco, S.H. Ramkissoon, K.L. Ligon, P. Rameshwar, Delivery
of functional Anti-miR-9 bymesenchymal stem cell-derived exosomes to glioblasto-
ma multiforme cells conferred chemosensitivity, Mol. Ther. Nucleic Acids 2 (2013)
e126.
[43] G. Raposo, H.W. Nijman,W. Stoorvogel, R. Liejendekker, C.V. Harding, C.J. Melief, H.J.
Geuze, B lymphocytes secrete antigen-presenting vesicles, J. Exp. Med. 183 (1996)
1161–1172.
[44] L. Zitvogel, A. Regnault, A. Lozier, J. Wolfers, C. Flament, D. Tenza, P. Ricciardi-
Castagnoli, G. Raposo, S. Amigorena, Eradication of established murine tumors
using a novel cell-free vaccine: dendritic cell-derived exosomes, Nat. Med. 4
(1998) 594–600.
[45] J. Wolfers, A. Lozier, G. Raposo, A. Regnault, C. Théry, C. Masurier, C. Flament, S.
Pouzieux, F. Faure, T. Tursz, E. Angevin, S. Amigorena, L. Zitvogel, Tumor-derived
exosomes are a source of shared tumor rejection antigens for CTL cross-priming,
Nat. Med. 7 (2001) 297–303.
[46] R.H. Nanjundappa, R. Wang, Y. Xie, C.S. Umeshappa, R. Chibbar, Y. Wei, Q. Liu, J.
Xiang, GP120-speciﬁc exosome-targeted T cell-based vaccine capable of stimulating
DC- and CD4+ T-independent CTL responses, Vaccine 29 (2011) 3538–3547.[47] D. Zech, S. Rana, M.W. Büchler, M. Zöller, Tumor-exosomes and leukocyte activation:
an ambivalent crosstalk, Cell Commun. Signal. 10 (2012) 37.
[48] S. Hao, J. Yuan, J. Xiang, Nonspeciﬁc CD4(+) T cells with uptake of antigen-speciﬁc
dendritic cell-released exosomes stimulate antigen-speciﬁc CD8(+) CTL responses
and long-term T cell memory, J. Leukoc. Biol. 82 (2007) 829–838.
[49] S. Hao, Y. Liu, J. Yuan, X. Zhang, T. He, X.Wu, Y.Wei, D. Sun, J. Xiang, Novel exosome-
targeted CD4+ T cell vaccine counteracting CD4 + 25+ regulatory T cell-mediated
immune suppression and stimulating efﬁcient central memory CD8+ CTL
responses, J. Immunol. 179 (2007) 2731–2740.
[50] C. Shen, S.G. Hao, C.X. Zhao, J. Zhu, C. Wang, Antileukaemia immunity: effect of
exosomes against NB4 acute promyelocytic leukaemia cells, J. Int. Med. Res. 39
(2011) 740–747.
[51] G. Natasha, B. Gundogan, A. Tan, Y. Farhatnia, W. Wu, J. Rajadas, A.M. Seifalian,
Exosomes as immunotheranostic nanoparticles, Clin. Ther. 36 (2014) 820–829.
[52] M.A. Morse, J. Garst, T. Osada, S. Khan, A. Hobeika, T.M. Clay, N. Valente, R.
Shreeniwas, M.A. Sutton, A. Delcayre, D. Hsu, J. Le Pecq, H.K. Lyerly, A phase I
study of dexosome immunotherapy in patients with advanced non-small cell lung
cancer, J. Transl. Med. 3 (2005) 9.
[53] B. Escudier, T. Dorval, N. Chaput, F. André, M.-P. Caby, S. Novault, C. Flament, C.
Leboulaire, C. Borg, S. Amigorena, C. Boccaccio, C. Bonnerot, O. Dhellin, M.
Movassagh, S. Piperno, C. Robert, V. Serra, N. Valente, J. Le Pecq, A. Spatz, O. Lantz,
T. Tursz, E. Angevin, L. Zitvogel, Vaccination of metastatic melanoma patients with
autologous dendritic cell (DC) derived-exosomes: results of theﬁrst phase I clinical
trial, J. Transl. Med. 3 (2005) 10.
[54] S. Dai, D. Wei, Z. Wu, X. Zhou, X. Wei, H. Huang, G. Li, Phase I clinical trial of autol-
ogous ascites-derived exosomes combined with GM-CSF for colorectal cancer, Mol.
Ther. 16 (2008) 782–790.
[55] S.M. Van Dommelen, P. Vader, S. Lakhal, S.A.A. Kooijmans, W.W. Van Solinge, M.J.A.
Wood, R.M. Schiffelers, Microvesicles and exosomes: opportunities for cell-derived
membrane vesicles in drug delivery, J. Control. Release 161 (2012) 635–644.
[56] T. Smyth, M. Kullberg, N. Malik, P. Smith-Jones, M.W. Graner, T.J. Anchordoquy,
Biodistribution and delivery efﬁciency of unmodiﬁed tumor-derived exosomes, J.
Control. Release 199 (2015) 145–155.
[57] C.P. Lai, O. Mardini, M. Ericsson, S. Prabhakar, C.A. Maguire, J.W. Chen, B.A. Tannous,
X.O. Breakeﬁeld, Dynamic biodistribution of extracellular vesicles in vivo using a
multimodal imaging reporter, ACS Nano 8 (2014) 483–494.
[58] O.P.B. Wiklander, J.Z. Nordin, A. O’Loughlin, Y. Gustafsson, G. Corso, I. Mäger, P.
Vader, Y. Lee, H. Sork, Y. Seow, H. Heldring, L. Alvarez-Erviti, C.E. Smith, K. Le
Blanc, P. Macchiarini, P. Jungebluth, M.J.A. Wood, A.E. Andaloussi, Extracellular
vesicle in vivo biodistribution is determined by cell source, route of administration
and targeting, J. Extracell. Vesicles 4 (2015) 26316.
[59] C. Grange, M. Tapparo, S. Bruno, D. Chatterjee, P.J. Quesenberry, C. Tetta, G. Camussi,
Biodistribution of mesenchymal stem cell-derived extracellular vesicles in a model
of acute kidney injury monitored by optical imaging, Int. J. Mol. Med. 33 (2014)
1055–1063.
[60] K.L. Inder, J.E. Ruelcke, L. Petelin, H. Moon, E. Choi, J. Rae, A. Blumenthal, D.
Hutmacher, N.A. Saunders, J.L. Stow, R.G. Parton, M.M. Hill, Cavin-1/PTRF alters
prostate cancer cell-derived extracellular vesicle content and internalization to
attenuate extracellular vesicle-mediated osteoclastogenesis and osteoblast prolifer-
ation, J. Extracell. Vesicles 3 (2014) 1–14.
[61] H. Peinado, M. Alečković, S. Lavotshkin, I. Matei, B. Costa-Silva, G. Moreno-Bueno, M.
Hergueta-Redondo, C. Williams, G. García-Santos, C.M. Ghajar, A. Nitadori-Hoshino,
C. Hoffman, K. Badal, B.A. Garcia, M.K. Callahan, J. Yuan, V.R. Martins, J. Skog, R.N.
Kaplan, M.S. Brady, J.D. Wolchok, P.B. Chapman, Y. Kang, J. Bromberg, D. Lyden,
Melanoma exosomes educate bone marrow progenitor cells toward a pro-
metastatic phenotype through MET, Nat. Med. 18 (2012) 883–891.
[62] M.Y. Fong, W. Zhou, L. Liu, A.Y. Alontaga, M. Chandra, J. Ashby, A. Chow, S.T.F.
O’Connor, S. Li, A.R. Chin, G. Somlo, M. Palomares, Z. Li, J.R. Tremblay, A. Tsuyada,
G. Sun, M.A. Reid, X. Wu, P. Swiderski, X. Ren, Y. Shi, M. Kong, W. Zhong, Y. Chen,
S.E. Wang, Breast-cancer-secreted miR-122 reprograms glucose metabolism in
premetastatic niche to promote metastasis, Nat. Cell Biol. 17 (2015) 183–194.
[63] N. Tominaga, N. Kosaka, M. Ono, T. Katsuda, Y. Yoshioka, K. Tamura, J. Lötvall, H.
Nakagama, T. Ochiya, Brain metastatic cancer cells release microRNA-181c-
containing extracellular vesicles capable of destructing blood–brain barrier, Nat.
Commun. 6 (2015) 6716.
[64] A. Chow, W. Zhou, L. Liu, M.Y. Fong, J. Champer, D. Van Haute, A.R. Chin, X. Ren, B.G.
Gugiu, Z. Meng, W. Huang, V. Ngo, M. Kortylewski, S.E. Wang, Macrophage
immunomodulation by breast cancer-derived exosomes requires Toll-like receptor
2-mediated activation of NF-κB, Sci. Rep. 4 (2014) 5750.
[65] J.L. Hood, S. San Roman, S.A. Wickline, Exosomes released by melanoma cells pre-
pare sentinel lymph nodes for tumor metastasis, Cancer Res. 71 (2011) 3792–3801.
[66] A. Zomer, C. Maynard, F.J. Verweij, A. Kamermans, R. Schäfer, E. Beerling, R.M.
Schiffelers, E.D. Wit, J. Berenguer, S.I.J. Ellenbroek, T. Wurdinger, D.M. Pegtel, J.V.
Rheenen, In vivo imaging reveals extracellular vesicle-mediated phenocopying of
metastatic behavior, Cell 161 (2015) 1046–1057.
